The quick determination of trace quantities of cationic species by simple methods is of vital importance in chemical, environmental and industrial analyses. Potentiometric sensors based on solvent polymeric membranes with the incorporation of neutral ionophores have been shown to be very useful tools for these purposes, due to their ease of preparation, simple operation, relatively fast response, reasonable selectivity, wide linear dynamic range and low cost. [1] [2] [3] [4] [5] Due to the urgent need for selective copper determinations in many biological, 6,7 geochemical, 8 environmental and industrial samples, 9 the search for new sensitive and selective polymeric membrane sensors for its fast monitoring is still a challenging objective. 4 19 In recent years, we have successfully employed a number of new 9,10-anthraquinone derivatives as very suitable ion carriers in bulk liquid membrane transport 20 and the solid-phase extraction of metal ions, 21, 22 in constructing of PVC-membrane ion-selective electrodes [23] [24] [25] and in stripping voltammetric analysis of lead ion. 26 In this paper we report on highly selective and sensitive solvent polymeric membrane (PME) and membrane-coated graphite electrodes (CGE) for Cu 2+ ion based on 1-hydroxy-2-(prop-2′-enyl)-4-(prop-2′-enyloxy)-9,10-anthraquinone (AQ), recently synthesized in our laboratories, 27 that manifest the properties of an excellent neutral ionophore for copper(II) ions.
2+
-selective electrodes suffer strong interfering effects from Co 2+ , Ni 2+ , Cd 2+ , Pb 2+ , Hg 2+ and Ag + ions, while their limit of detection is at the most in the mg cm -3 level (i.e. ∼10 -5 -10 -6 M). Moreover, although solidstate electrodes based on CuS-Ag2S are well established, 3, 18 unfortunately such cations as Hg2 2+ , Hg 2+ , Ag + and Fe 3+ are serious interferents, and complications due to the presence of high concentrations of halides have been reported. 19 In recent years, we have successfully employed a number of new 9,10-anthraquinone derivatives as very suitable ion carriers in bulk liquid membrane transport 20 and the solid-phase extraction of metal ions, 21, 22 in constructing of PVC-membrane ion-selective electrodes [23] [24] [25] and in stripping voltammetric analysis of lead ion. 26 In this paper we report on highly selective and sensitive solvent polymeric membrane (PME) and membrane-coated graphite electrodes (CGE) for Cu 2+ ion based on 1-hydroxy-2-(prop-2′-enyl)-4-(prop-2′-enyloxy)-9,10-anthraquinone (AQ), recently synthesized in our laboratories, 27 that manifest the properties of an excellent neutral ionophore for copper(II) ions.
Experimental

Reagents
Reagent-grade 2-nitrophenyl octyl ether (NPOE), benzyl acetate (BA) sodium tetraphenylborate (NaTPB), oleic acid (OA), high relative molecular weight PVC and tetrahydrofuran (THF) were purchased from Merck chemical company and used as received. The nitrate salts of the cations used (all from Merck) were of the highest purity available, and used without any further purification, except for vacuum drying over P2O5. Anthraquinone AQ was synthesized and purified as described elsewhere. 27 Doubly distilled deionized water was used throughout.
Electrode preparation
Membrane solutions were prepared by thoroughly dissolving 6 mg of AQ, 30 mg of powdered PVC, 8 mg of OA and 56 mg of NPOE in 5 ml of THF. The resulting clear mixture was slowly evaporated until an oily concentrated mixture was obtained. A Pyrex tube (5-mm o.d. on top) was dipped into the mixture for about 10 s so that a nontransparent membrane of about 0.3 mm thick was formed. The tube was then pulled out from the mixture and kept at room temperature for ∼1 h. The tube was filled with an internal solution (1.0 × 10 -3 M copper nitrate). The electrode was finally conditioned for 24 h by soaking in 1.0 × 10 -2 M Cu(NO3)2. A silver/silver chloride electrode was used as an internal electrode.
To prepare coated graphite electrodes, spectroscopic-grade graphite rods 10 mm long and 3 mm in diameter were used. A shielded copper wire was glued to one end of the graphite and the electrode was sealed into the end of a PVC tube of about the same diameter with epoxy resin. The working surface of the electrode was polished with fine alumina slurries on a polishing cloth, sonicated in distilled water and dried in air. The polished graphite electrode was dipped into the membrane solution mentioned above and the solvent was evaporated. A membrane was formed on the graphite surface and the electrode was allowed to stabilize over night. The electrode was finally conditioned by soaking in a 1.0 × 10 -2 M solution of Cu(NO3)2 for 48 h.
Emf measurements
The emf measurements with the polymeric membrane electrodes and the coated graphite electrodes were carried out with the following cell assemblies:
The emf observations were made relative to a double-junction saturated calomel electrode (SCE, Philips) with the chamber filled with an ammonium nitrate solution. A double-junction silver/silver chloride electrode (Metrohm) containing a 3 M solution of KCl was used as the internal reference electrode for PME.
The activities were calculated according to the Debye-Hückel procedure.
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Results and Discussion 9,10-Anthraquinone derivatives are well known to form fairly stable complexes with such transition metal ions as Pb 2+ and Cu
2+
. 28 The anthraquinone AQ bearing two hydrophobic π-donating arms is insoluble in water at neutral pH. Our recent spectrophotometric studies revealed that AQ forms a very selective and stable 1:1 complex with Cu 2+ ion in a methanol solution. 29 The selectivity observed for copper over a cation such as lead is most probably related to participation of the π-donating arms of AQ in copper ion binding. Moreover, the suitable size of copper ion may provide a proper fitting condition for stable and selective complex formation. Thus, we decided to examine its capability as a suitable ionophore in preparing new cation-selective membrane electrodes.
In preliminary experiments, the ionophore AQ was used as a neutral carrier to prepare CGEs for a wide variety of metal ions, including alkali, alkaline earth, transition and heavy metal ions. The potential responses obtained for the most sensitive ion- selective electrodes based on AQ are shown in Fig. 1 . As is obvious, while the slopes of the linear parts of the emf responses of the electrodes for all other cations shown are much lower than those expected by the Nernst equation, the resulting Cu 2+ -selective electrode exhibits a Nernstian behavior over a wide concentration range.
Some important features of PVC membranes, such as the properties of the plasticizer, the plasticizer/PVC ratio, the nature and amount of ionophore, and the nature and amount of the additives used, are reported to significantly influence the sensitivity and selectivity of ion-selective electrodes. 10, 12, 17, [23] [24] [25] 30, 31 Thus, different aspects of membrane preparation based on AQ for Cu 2+ were optimized; the results are summarized in Table 1 . It is obvious that a membrane composition of 56% NPOE, 30% PVC, 8% OA and 6% AQ resulted in a CGE of the best sensitivity with a Nernstian slope over a very wide dynamic range. It is interesting to note that the presence of 8% OA as a suitable lipophilic additive significantly improves the potentiometric behavior of the proposed potentiometric sensor. We recently reported on the first use of oleic acid as a very suitable lipophilic additive in inducing permselectivity to some PVC-based ion-selective electrodes, and discussed its specific features in detail. [32] [33] [34] [35] [36] The influence of the concentration of the internal solution on the potential response of the PME was investigated. The Cu(NO3)2 concentration was changed from 1.0 × 10 -4 to 1.0 × 10 -1 M and the emf-pCu 2+ plots were obtained. It was found that the concentration of the internal solution has a negligible effect on the potential response of the electrode, except for an expected change in the intercept of the resulting plot. A 1.0 × 10 -3 M concentration of the reference solution is quite appropriate for a smooth functioning of the polymeric membrane system.
The critical response characteristics of the proposed electrodes were assessed according to IUPAC recommendations. 37 The emf response of the polymeric membrane and coated graphite electrodes (Fig. 2) indicate their Nernstian behavior over a wide concentration range. The slopes and linear ranges of the resulting emf-p Cu 2+ graphs are given in Table 2 . The limits of detection, defined as the concentration of copper obtained when the linear regions of the calibration graphs are extrapolated to the base line potentials, are also included in Table 2 . The improved performance characteristics of the CGE over those of PME presumably originate from the coated graphite technology, where an internal 1.0 × 10 -3 M Cu(NO3)2 solution, in the case of PME, has been replaced by a copper wire of much higher electrical conductivity, in the case of CGE. 38 Interfering ion PME CGE
KCu,M
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The average time required for the electrodes to reach a potential response within ±1 mV of the final equilibrium value after successive immersion in a series of Cu 2+ solutions, each having a 10-fold difference in concentration, was studied. The static response times of the electrodes thus obtained for concentrations of ≤1.0 × 10 -3 M are also listed in Table 2 . The prepared PME and CGE could be used frequently for at least 1 and 3 months, respectively, without any measurable divergence.
The influences of the pH of the test solution on the potential response of the CGE in the presence and absence of 1.0 × 10 -4 M Cu 2+ ion are shown in Figs. 3A and 3B, respectively. A more or less similar behavior was also observed in the case of PME. As can be seen, the potential remains constant from pH 3.0 to 6.0, beyond which it changes considerably. The observed drift at lower and higher pH values could be due to the protonation of an ionophore and the formation of some hydroxy complex of the Cu 2+ ion in solution, respectively.
The influence of interfering ions on the potential response behavior of the ion-selective membrane electrodes is usually described in terms of the selectivity coefficients. 42 Potentiometric selectivity coefficients, K Pot Cu,M , describing the preference by the membrane for an interfering ion Mn + relative to Cu 2+ , were determined by the mixed-solution method 42, 43 from potential measurements of a solution containing a fixed amount of Cu 2+ ion (1.0 × 10 -4 M) and varying amounts of the interfering ion, M n+ , according to
where E1 and E2 are the electrode potentials for a solution of Cu 2+ ion alone and for a solution containing interfering ions and copper ions, respectively. According to Eq. (1), the K Pot Cu,M values can be evaluated from the slope of the graph of aCu {exp(E2 -E1)/RT} -aCu versus a M 2/n . The resulting selectivity coefficients obtained for both PME and CGE are summarized in Table 3 .
The selectivity coefficient patterns presented in over the other metal ions tested (i.e. K Pot Cu,M in the order of 10 -3 or lower). Meanwhile, the data given in Table 3 reveal that, in all cases, the selectivity coefficients for the coated graphite electrode are lower than those for the polymeric membrane electrode, while emphasizing the superiority of the former electrode in this respect as well. [38] [39] [40] [41] In Table 4 , the selectivity coefficients for some common interfering ions of the proposed ions-selective electrodes based on AQ are compared with the corresponding values previously reported for PVC-membrane copper(II)-selective electrodes based on different neutral ionophores. [10] [11] [12] [13] [15] [16] [17] As can be seen, in most cases, the proposed electrodes (especially the CGE) show superior selectivity behavior to the PVC membrane sensors prepared previously. Moreover, the limit of detection obtained with the proposed CGE shows an improvement of over one order of magnitude over the most sensitive copper-selective 878 ANALYTICAL SCIENCES AUGUST 2002, VOL. 18 ISE AAS electrodes reported before. 13, 17 The practical utility of the proposed CGE was checked by its use as an indicator electrode for the titration of 30 cm 3 of 5.0 × 10 -5 M of Cu 2+ ions with a 5.0 × 10 -3 M EDTA at pH 5.5 (acetate buffer); the results are shown in Fig. 4 . As can be seen, the amount of copper ions in solution can be accurately determined with the electrode.
The electrodes were also successfully applied to the recovery of copper from waste-water samples. The copper contents were determined with the proposed-electrodes and atomic absorption spectrometry (AAS). The results of the recovery test of copper added to a waste-water sample using both the proposed electrode and AAS are summarized in Table 4 . As can be seen, the electrode resulted in acceptable recoveries of copper ion, which are also in satisfactory agreement with those obtained by AAS.
